Abstract: Present article reports the magnetohydrodynamic ow of Carreau nano uid in the presence of nonlinear thermal radiation. In this model we incorporated slip condition on heat and mass boundary conditions. Similarity transformations are applied to convert the governing dimensional expressions into non-dimensional forms. Runge-Kutta-Fehlberg method of fourth-fth order using shooting technique utilized to elaborate the numerical solutions of physical phenomenon.A comparative analysis is presented with the previous published data in special case for the justi cation of present results. The role of physical constraints on liquid velocity, temperature and concentration are discussed through numerical data and plots.
Introduction
Convective heat transport is a fundamental aspect of various industrial operations. The e ciencies of thermal devices and systems are related to heat transfer rates which in turn depend on the thermal conductivity of the working uids. With increasingly more sophisticated improvements in nanotechnology and optimization, the request is increasing for more e ective and durable heat transfer uids with signi cantly greater thermal conductivities than traditional ones. Traditional heat transfer uids (water, oils and ethylene glycol) applied in the currently thermal systems have relatively low thermal conductivities compared to solids. Nano uids, an enterprising and clearly more e cient kind of working uid, are gained by dissolving nanometer-sized particles/ bers between 1 and 100 nm in traditional heat transfer uids. An excellent literature review on nano uids transport phenomena and their di erent applications is reported in Das et al. [1] and Choi [2] . Nield and Kuznetsov [3] used the mathematical nano uid model suggested by Buongiorno [4] to examine the in uence of Brownian motion and thermophoresis on nano uid natural convection ow over a vertical plate under the improved boundary conditions. Due to the importance of Brownian motion and thermophoresis effects, concentration boundary layer of nanoparticles was considered in their study. Aziz et al. [5] have presented nano uid natural convection boundary layer ow over a vertical plate subject to the convective boundary conditions. Other studies of the recent evolutions in nano uid technology have been analyzed and are available in [6] [7] [8] [9] .
Lately, various investigations have been communicated extending Buongiorno's model for the magnetic nano uid dynamics, which are essentially helpful in biomedicine, magnetic cell separation, cancer treatment, etc. Bég and Ferdows [10] performed a numerical study to discuss the in uence of magnetic eld on nano uid ow from an exponential stretching sheet. Ferdows et al. [11] investigated the unsteady MHD free convective and nano uid ow from a radiate stretching surface. Sudarsana Reddy et al. [12] reported the in uence of magnetic eld and chemical reaction on nano uids over a vertical cone. Ruchika et al. [13] have presented the in uence of velocity and thermal slip e ects on MHD boundary layer ow of nano uid over an inclined cylinder. Rashad [14, 15] analyzed the MHD slip ow of a nano uid past a radiate edge and stretching surface, respectively.
Presently many researchers are concentrating on exploration of non-Newtonian liquids, because nonNewtonian uids have multidisciplinary applications in modern industrial and technological products. Few examples of non-Newtonian materials include food, ketchup, shampoos, slurries, granular suspension, paper pulp, paints, polymer solutions, certain oils, and clay coatings. All the features of non-Newtonian liquids cannot be distinguished by a single mathematical relationship. In view of the above applications Nadeem et al. [16] contemplated the two-dimensional enduring incompressible Oldroyd-B nano uid stream past an extending sheet. Later they [17, 18] broadened their work on a Je rey and Maxwell liquid model. Noor et al. [19] examined the mixed convection boundary layer ow of a micropolar uid almost a stagnation point along a vertical extending sheet within the sight of nano-particles and slip conditions. Ali and Hayat [20] intoruduced analytical solution for the ow of a Carreau uid in an asymmetric channel. Olajuwon [21] investigated the convective heat transfer in a MHD Carreau uid over a vertical radiate plate. Hayat et al. [22, 23] studied the boundary layer ow of Carreau uid over a stretching surface with convective boundary conditions. As of late numerous analysts [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] have studied and discussed about the impacts of slips impacts and nonlinear type of thernmal radiation in the ow of non-Newtonian liquids.
The present problem addresses the impacts of multiple slips, Brownian motion and thermophoresis on MHD ow of Carreau nano uid over a radiate stretching sheet. The transformed boundary layer equations which represent the ow, temperature and concentration are solved numerically using Runge-Kutta-Fehlberg method of fourth-fth order using shooting technique. Also comparisons of present result with previously published works was done and are found in excellent agreement.
Mathematical formulation
We considered the steady-state incompressible Carreau nanoliquid ow over a stretchable sheet. The x-axis is along the sheet and y-axis normal to it. Here the ow generation is because of linear stretching of surface with distance x, i.e. Uw = bx. A constant magnetic eld with strength B is implemented in transverse ow direction. Twis the surface temperature at wall and Cw the solutal concentration. At larger distance from surface, temperature and nanoparticle concentration is represented by T∞ and C∞ respectively.
The continuity, momentum, energy and concentration expressions are described as
with the relevant boundary conditions (see Ibrahim and Shankar [24] )
where the velocity components are presented by u and v, respectively , α for thermal di usivity, ν = µ ρ for kinematic viscosity, ρ for density of uid, σ for electrical conductivity, τ for ratio of e ective heat capacity of the nanoparticle material to the heat capacity of the uid, K and K for thermal and concentration slip factor, D B for Brownian di usion coe cient and D T for thermophoresis di usion coe cient, qr for radiative heat ux. Radiation heat ux qr via Rosseland approximation can be set in the form:
where σ * for Stefan-Boltzmann constant and k * for mean absorption coe cient. The energy equation with radiation heat ux takes the form
For the mathematical analysis of problem, we use the following transformation
where θw = Tw T∞ , θw > being the temperature ratio parameter.
After utilizing equation (8), equation (1) is satis ed identically and equations (2), (4) and (7) takes the following form
with the boundary conditions
where M = 
Numerical Method
Equations (9) to (11) together with the boundary conditions (12) form highly non-linear ordinary di erential equations. The reduced set of non-linear ordinary di erential equations is solved numerically using Shooting method along with Runge-Kutta-Fehlberg fourth-fth order scheme. In algebraic package Maple, the Shooting method is implemented as an algorithm called 'shoot'. This Maple software has been well tested for its accuracy and robustness and this has been used to solve a wide range of non-linear problems. It is most important to choose an appropriate nite value of η ∞ . In this method, a suitable nite value of η ∞ is considered as η in such way that the boundary conditions de ned at in nity satisfy asymptotically. In addition, the relative error tolerance to − is considered for convergence and the step size is chosen as ∆η = 0.001. Further it is important to mention that as nding the solutions of velocity, temperature and concentration, the CPU time to estimate the values of velocity (1.32 sec) is much less than the CPU time to evaluate the values of temperature (1.74 sec) and the CPU time for concentration is 1.96 sec. 
Results and discussion
In this section, the in uences several physical parameters on the velocity, temperature and nanoparticle concentration pro les are analyzed graphically with tabulated results and relevant discussions. Eqs. (7)- (9) with the boundary conditions (10) are solved numerically with fth-order Runge-Kutta Scheme using shooting scheme for the values of physical parameters like Tables 1 and 2 , the present results with previously published works are performed and excellent agreements have been obtained. Fig. 2(a)-3(c) show the pro les for velocity f (η), temperature θ(η) and concentration φ(η) for di erent values of Weissenberg number We and power law index n. It is observed that an increase in the Weissenberg number We and power law index n leads to increase the uid velocity and to decrease both the temperature and concentra- tion pro les. The in uence of magnetic eld parameter M on velocity, temperature and concentration pro les in the boundary layer is displayed in Figs. 4(a)-4(c) . It is noticed from these gures that the hydrodynamic boundary layer thickness decelerates whilst thermal boundary layer thickness and solutal boundary layer thickness elevates with enhance in the values of M. This is because of the fact that, the presence of magnetic eld in an electrically conducting uid produces a force called Lorentz force, this force acts versus the ow trend causes the depreciation in velocity pro les Fig. 4(a) , and at the same time, to overcome the drag force imposed by the Lorentzian retardation the uid has to result in extra work; this additional work can be converted into thermal energy which enhances the temperature of the uid Fig. 4(b) and also enhances the concentration pro les Fig. 4(c) . E ects of thermal slip parameter B and solutal slip parameter D on the dimensionless temperature, nanoparticle volume fraction pro les are displayed in Figs. 5(a)-5(b). As the thermal slip parameter B and solutal slip parameter D enhances, both the temperature and nanoparticle volume fraction reduces near the plate surface. This elucidates that temperature and nanoparticle volume fraction near the surface reduces to a minimum with strong thermal and solutal slips and achieves a maximum with no thermal and solutal slip e ects. This behavior happens due to uid in the boundary layer being insensitive toward the heating e ects of the plate surface and hence diminished heat and mass will be transferred from the surface to the nano uid body. Fig. 6(a) demonstrates that due to increasing the value of the Brownian parameter Nb, the temperature pro le boosts, whereas the opposite trend is noted for the concentration pro le. Therfore, the thermal boundary layer thickness increases, whereas the concentration boundary layer thickness decreases. This is due to the fact that the kinetic energy of the nanoparticles promotes due to the strength of this chaotic motion and as a result, the uids temperature raises. This is because the Brownian motion at the nanoscale and the molecular levels is an important mechanism of the nanoscale level that dominates the thermal behaviors. In systems using nano uids, the Brownian motion takes place because of the size of nanoparticles which can change the properties of heat transfer. As the scale size of particles approaches the scale of nanometer, the particles Brownian motion and its result on the surrounding liquids play a pivotal role in heat transfer characteristics. It is noticed that the temperature pro le and the concentration of nanoparticle increase with increasing Nt . This is because di usion penetrates profounder into the uid due to boosting values of Nt which produces the thickening of the thermal boundary layer as well as the concentration boundary layer.
The signi cance of Prandtl number Pr on the temperature pro les is depicted in Fig. 7(a) . It is noted that the temperature distributions diminish when Pr values increases. By de nition, Prandtl number is de ned as the ratio of momentum di usivity to the thermal di usivity, raising the values of Pr means higher momentum di usivity or lesser thermal di usivity which results in the reduction in the thermal boundary layer thickness. Fig. 7(b) presents the concentration pro les for di erent values of and Lewis number Le. It is observed that concentration distributions decelerate with elevating values of Le in the entire boundary layer region. The Lewis number de nes the ratio of thermal di usivity to mass di usivity. Elevating the Lewis number means a higher thermal di usivity or lower mass di usivity and this provides thinner concentration boundary layer.
Figs. 8(a)-8(b) illustrate the in uences of temperature ratio parameter θw and radiation parameter R on the temperature pro les, respectively. It is seen that as the values of θw rises the uid temperarure diminishes signi cantly and this depreciation is more near the surface than in the far-eld regime (free stream of the boundary layer). Fur- thermore, it is perceived from Fig. 8(b) that as the values of radiation parameter R increases the temperature proles are also enhanced. This is because of the fact that the mean absorption coe cient reduces with increasing values of radiation parameter; as a result the thermal boundary layer thickness of the nano uid is promotes. The variations of skin-friction coe cient −f ( ), Nusselt number −θ ( ) and Sherwood number −ϕ ( ) for diverse values of governing parameters are calculated and summarized in Tables 3-4 . It is clear from these tables that the heat and mass transfer rates are both decelerates, whereas the skin-friction coe cient enhances with the increasing values of magnetic parameter M. It is also evident that the increasing of power law index n leads to escalate all the skin-friction coe cient, Nusselt and Sherwood numbers in the entire nano uid regime, but reverse trend 
Conclusion
The impacts of multiple slips and thermal radiation on MHD ow of Carreau nano uid over a stretching sheet with thermal radiation are numerically analyzed in this article. The slip of the heat and mass transfer in this problem is because of Brownian motion and thermophoresis.
In the mathematical modeling of the problem e ect of Carreau nano uid, the dynamic e ects of nanoparticles, thermophoresis and Brownian motion are taken into the account. The e ects of di erent parameters on velocity, temperature and concentration pro les, as well as skinfriction coe cient, Nusselt number and Sherwood number were analyzed. The results of present study can be summarized as follows:
• The Nusselt and Sherwood numbers deteriorate, whereas the skin-friction coe cient is elevates with the higher values of magnetic parameter M.
• With the higher values of values of thermophoretic parameter Nt, the heat and mass transfer are reduced.
• A rise in Brownian motion parameter Nb improves the heat and mass transfer rates. • All the skin-friction coe cient, Nusselt and Sherwood numbers depreciate when Weissenberg number We is upgrades, whereas, they elevates as the power law index nincreases. • Increasing both the radiation parameter R and temperature ratio parameter θw, both the Nusselt and Sherwood numbers elevate in the boundary layer regime.
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Nomenclature

Greek symbols
θ dimensionless temperature θw temperature ratio parameter ϕ dimensionless nanoparticle volume fraction ν Kinematic viscosity of the uid µ coe cient of uid viscosity σ * Stefan-Boltzmann constant τ ratio of the e ective heat capacity of the nanoparticle to that of an ordinary uid τw shear stress along the wall α Prandtl parameter β elastic parameter α thermal di usivity of the uid ρ uid density
